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EXECUTIVE SUMMARY

This report identifies a number of mechanisms that retard radionuclide

migration, and describes the static and dynamic methods that are used to study

such retardation phenomena. Both static and dynamic methods are needed for

reliable safety asessments of underground nuclear-waste repositories. This

report also evaluates the extent to which the two methods may be used to diag-

nose radionuclide migration through various types of geologic media, among

them unconsolidated, crushed, intact, and fractured rocks.

Adsorption is one mechanism that can control radionuclide concentrations

in solution and therefore impede radionuclide migration. The terms sorption

and adsorption are often used to describe the process by which radionuclides

are removed from solution by a solid phase. The terms are usually interpreted

as applying to a reversible ion exchange or surface adsorption reaction that

can be described by a sorption isotherm. Other mechanisms that control a

solution's radionuclide concentration and radionuclide migration are precipi-

tation of hydroxides and oxides, oxidation-reduction reactions, and the forma-

tion of minerals that might include the radionuclide as a structural element.

The retardation mechanisms mentioned above are controlled by such factors

n^ as surface area, cation exchange capacity, solution pH, chemical composition

of the rock and of the solution, oxidation-reduction potential, and radio-

^ nuclide concentration.

The rock and ground water used for nuclide migration/retardation studies

should be fully characterized before the start of the investigation, so that

an a priori assessment of the important retardation mechanisms can be made.

Rocks and ground waters used in determining retardation factors should rep-

resent the expected equilibrium conditions in the geologic system under

investigation.

Static test methods can be used to rapidly screen the effects of the

factors mentioned above. This method can then be used to gather data on the

factors as they affect the retardation of a radionuclide in a given rock and
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ground-water system. Dynamic (or column) testing, on the other hand, is needed
to assess the effects of hydrodynamics and the interaction of hydrodynamics
with the other important parameters. Because dynamic tests are more time con-
suming, expensive, and space-demanding than static tests, dynamic testing will
be used to confirm the predictions generated by static tests.

This paper proposes both a standard method for conducting batch Kd deter-

minations (Appendix A), and a standard format for organizing and reporting

data (Appendix B). Dynamic testing methods are not presently developed to the

point that a standard methodology can be proposed. Appendix C outlines normal

procedures for column experimentation and identifies the data that are needed

to analyze a column experiment.
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INTRODUCTION

Safety-assessment transport models that consider radionuclide retardation

are based on the assumption that radionuclide sorption obeys ideal chromato-

graphic theory. In accordance with this theory, the transport modellers

assume that: 1) sorption of a radionuclide is reversible, and 2) radionuclide

movement is retarded relative to the ground water. To predict the movement of

a radionuclide we must know the bulk density and porosity of the rocks through

which the water flows, and we must determine a distribution coefficient that

describes the partitioning for each radionuclide between the solution and

solid phases.

The distribution coefficient, Kd, is defined as the ratio of the equilib-

rium radionuclide concentration on the solid phase (ug/g) to the equilibrium

concentration of the radionuclide (ug/ml) when it was initially in solution.

The Kd is dependent upon and therefore reflects--in combination--a particular

radionuclide, rock, ground-water composition, and temperature. If any one of

these parameters is changed, the Kd is likely to vary. A high Kd value results

in low radionuclide migration velocities relative to ground water velocities.

Because Kd values may vary with the type of rock and its associated ground

water composition (Erdal et al. 1977, 1978, 1979; Meyer 1977, et al. 1978, et

al. 1979; Relyea et al. 1977, 1978, 1979a; Seitz et al. 1979), conservatively

low values are often used to insure that predicted migration rates are higher

-- than one would realistically expect. This procedure places a lower limit on

the time required for radionuclide migration from a repository to the

biosphere.

To date, the Kd approach to quantification of radionuclide retardation

has been an empirical one. This approach makes no distinctions among the many

mechanisms that control radionuclide concentrations in ground water, nor does

it account for other mechanisms that might control radionuclide concentrations,

such as precipitation. Recent work in plutonium solution chemistry (Rai 1977)

has shown that Pu solution concentrations are limited by the precipitation of

PuO 2
and Pu(OH)4 in natural waters and under expected repository conditions.

Concentrations of radionuclides other than Pu may also be controlled by
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precipitation of hydroxides and oxides or by the formation of other mineral
phases that include the radionuclides as structural elements. When precipita-
tion is a factor, the use of distribution coefficients in the usual manner can
be misleading.

In addition to being affected by precipitation, the concentration of an
element in solution may be controlled by the element's reaction with natural

minerals, which results in the formation of new, stable phases that incorporate

the radionuclide. If experiments are more carefully designed to obtain data

on these mechanisms, comprehensive models of radionuclide behavior will be

possible. A transport model that considers mineral formation/precipitation

and detailed sorption/desorption reactions will yield realistic and scientifi-

cally defensible limits on radionuclide migration. As these new data are

acquired, they will be incorporated to improve the established methods for

- experimentally determining retardation factors.

The scientific community must develop a measurement method that relates
-- laboratory sorption/desorption and retardation data for crushed or intact

material to the deep geologic environment (500 to 2000 m). Methods for field

-• testing must also be developed. Comparing field data with data obtained from
laboratory experiments will generate appropriate transformation or scaling
factors and provide more confident predictions about radionuclide retardation

during the release of radionuclides from a repository to the surrounding rock

^ and ground-water system.

The objectives of this paper are: 1) to describe the factors that affect
C1%

retardation of radionuclide migration in ground-water and rock systems; 2) to

describe the methods used to study nuclide retardation mechanisms ( such as

sorption/desorption and precipitation); and 3) to evaluate the experimental

procedures or tests (static and dynamic) presently used to determine the re-

tardation of radionuclides by a geologic system.

FACTORS AFFECTING RETARDATION OF RADIONUCLIDE MIGRATION

Efforts to obtain radionuclide distribution coefficients (Kd) have been
extensive (Serne 1977, 1978) and have sometimes been hampered by a lack of
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knowledge about the chemical behavior of the element being studied. Adsorption

of many radionuclides has been studied under a wide variety of environmental

conditions. The studies reported in this paper were conducted to supply em-

pirical Kd values for certain safety assessment models. Because of the lack

of information about sorption mechanisms, few of the empirical Kd values could

be extrapolated to conditions different from those used to determine a partic-

ular Kd. Radionuclide concentrations were sometimes too high: the measured

Kd values reflected precipitation reactions, not sorption. Elements having

multiple oxidation states have sometimes shown wide variation in measured Kd

values because of a lack of control of the oxidation-reduction potential.

At present, sorption/desorption, precipitation, and oxidation/reduction

reactions are indistinguishable from one another in a single batch Kd experi-

ment. The need for retardation mechanism studies clearly exists. We must

insure that Kd measurements are valid for the conditions under which the Kd's

are measured.
a+"

Regardless of the type of retardation experiment being carried out, the

parameters that affect radionuclide migration must be at least qualitatively

understood. Many factors affecting both reversible and non-reversible sorp-

tion/desorption reactions also affect mineral formation and precipitation of
radionuclide hydroxides and oxides. Some of the most important parameters

include: pH; temperature; chemical composition of the solids and solutions;

-- ionic strength; particle size; adsorption on suspended particles; radionuclide

concentration; concentration of complexing ligands; oxidation-reduction poten-

tial; surface area; and cation exchange capacity (CEC).

Surface Area and CEC

Surface area and cation exchange capacity (CEC) primarily affect sorp-

tion/desorption reactions on secondary minerals found in rocks and aquifers.

The Kd of a radionuclide adsorbed by an ion exchange mechanism increases with

an increase in the cation (or anion) exchange capacity. Mineral dissolution/

formation and precipitation reactions, however, may change both the CEC and

surface area over long periods of time, thereby affecting the reversible, non-

selective sorption/desorption capacity.
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Solution pH

Solution pH affects both mineral stability and the solubility of the solid

phases of radionuclides. Hydrolysis results in both cation-hydroxyl complexa-

tion and a general reduction of effective cationic charge to the extent that

cation hydrolysis can form an anion. Hydrolysis, obviously, is also controlled

by pH. In order to predict radionuclide behavior, the pH and hydrolysis con-

stants of the nuclide/ground-water/and rock system must be known.

Temperature

Temperature increases generally cause reaction rates to increase, insofar

as higher temperatures lower the stabilities of some minerals and thereby

speed their dissolution. Some minerals, on the other hand, become more stable

at higher temperatures. Whatever the direction of the change in stability,

the suite of minerals expected in a particular environment may become altered

as changes in temperature occur.

Chemical Composition

^ The chemical composition of both ground water and rocks directly affects

the sorption of radionuclides and the stability of minerals present in the

geologic environment. Simultaneously occurring chemical reactions control

such things as the chemical composition of solid surfaces and solutions, a
N

solution's ionic strength, a solution's oxidation-reduction potential, and the

nuclides' propensity for complex formation. Attempts to realistically describe

actual systems by using equilibrium thermodynamic-geochemical models have been

0^ limited by a lack of thermodynamic and kinetic data on many solid phases and

solution species. A safety analysis of geochemical systems requires informa-

tion about site-specific solid and solution chemical composition, mineralogy,

pH, redox potential, and the like.

Radionuclide Concentrations

Radionuclide concentrations in ground water may be controlled by such

factors as 1) the stability of the waste form; 2) the forming of precipitates

at lower temperatures outside the repository; 3) the solubilities of minerals

which contain the radionuclide; and 4) sorption/desorption reactions. Kd

4



values usually decrease with increasing nuclide concentrations above trace

levels because of competition between similar radionuclides for sorption sites.

This competition for sites is similar in nature to the reduction in Kd that

results when the concentration of competing cations increases. If no compen-

sation is made for solubility constraints, experiments involving relatively

insoluble nuclides at high concentration often will yield erronously high Kd

values. High radionuclide concentrations are often used to facilitate easy

detection. It is often assumed that any decrease in radionuclide solution

concentration is caused by adsorption on a solid surf ac'e. Since many radio-

active waste elements form insoluble hydi-oxides at environmental pH values

(neutral to slightly basic), the use of high initial radionuclide concentra-

tions could result in precipitation of the nuclide and, consequently, in

lowered solution concentration. These experimental conditions (low solu-

bility, high initial nuclide concentration, and neutral or higher pH values)

yield invalid Kd values, because radionuclide concentrations could be a func-

tion of the solubility of the precipitate (hydroxide, oxides) instead of the

result of reversible sorption/desorption reactions.

Particulate Migration

Particulate migration may be responsible for transport of radionuclides

if the radionulcides are adsorbed by the particulates. If the particles are

larger than the pores through which the ground water moves, the particles will

-- be filtered out of the ground water. Smaller particles may also be either

-- filtered or adsorbed on larger surfaces or both. Particle migration is most

likely to be a problem in fracture flow where contact between the particulates

and wall surfaces is much less than in flow through porous media.

Thermodynamic Data

Thermodynamic data for reactions involving man-made radionuclides are

much less abundant than data for natural elements in geochemical reactions.

Many of the available data for radionuclides were determined in highly acidic,

high-ionic-strength systems and cannot be readily extrapolated to geochemical

systems or to safety assessments of site-specific repositories.
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Distribution coefficients used for safety assessments should be deter-

mined with materials that represent the expected equilibrium between rocks

(porous or fractured) and ground water. Although static tests are generally

valid for loose sediments or poorly-consolidated aquifer materials, the

results from these tests should be compared periodically with results from

dynamic tests.

Crushed materials can be used to rapidly screen the combined effects of

variables such as temp'e'rature, radionuclide concentration, pH, Eh and ranges

of ground-water composition.: The possibi•lity exists that equilibrium may not

be established between crushed rock and ground water, because crushed rock

presents new, fresh surfaces, which are absent in an intact aquifer sample.
rl*.

^ When conducting a radionuclide migration experiment, the radionuclide

concentrations of the ground water must be at levels that preclude precipita-

tion. If the solubility of a radionuclide is unknown under the desired experi-

mental conditions, it should be determined before proceeding with retardation

experiments.

Flow rate, temperature, and preparation of rock samples influence the

results obtained from dynamic studies. Dynamic studies must be conducted

under conditions that simulate the in situ (or expected in situ) conditions

for the particular geologic-hydrologic region under investigation.

u%
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RECOMMENDATIONS

To obtain radionuclide retardation data for safety assessment of a nuclear

waste repository, several logical steps must be followed:

A. The rocks and ground water must be characterized by means of onsite

investigation.

1. Rock Samples . At a minimum, the mineralogy should be determined

by optical and X-ray diffraction techniques to ensure that sam-

ples used for retardation measurements are representative of

the most likely proposed repository-to-biosphere transport

paths (aquifers).

a. Mineralogical analysis should identify and determine the

proportion of each of the primary and secondary minerals

present. The overall chemical composition should also be

determined. Samples should be free of contamination from

lubricants used in the drilling process. Coating on indi-^,
vidual particles (unconsolidated sediments) or pore sur-

faces by precipitates of iron, aluminum, silicon, and

° organic matter should be reported.

-,a
b. Surface area and cation exchange capacity should be deter-

mined. Porosity and permeability should be determined for

-' comparison with field measurements.

c. Analysis of the whole rock for major elements should in-

clude a search for: Si02, A1203, TiO 21 FeO, Fe2O3, MnO,

CaO, MgO, K2O, Na2O, and P205.

d. Trace element determination should include: Ba, Cs, F,

La, Li, Pb, Ra-Rn, Rb, S, Se, Sr, U, and Zr.

2. Ground water from each aquifer should be characterized

individually.

9



a. Field measurements should be made of pH, Eh, Fe+2/Fe+3

S0-Z/S-Z and dissolved oxygen. An in situ sample

should be taken for determination of dissolved gases:

CO2. H2S, CH4 and 02.

b. Laboratory analysis of major ground-water constituents

should include Na+, K+, Mg+2, Ca+2, C1-, HC031 C03 ,

N03-, NO2 and S04-.

c. Trace element analysis should include, Cs+, Fe+2, Fe+3

Sr}z, Si, Mn, I, Ba2+, Rb+, Br , B, PO-3, S2 , and soluble

organic carbon.

B. Available thermodynamic data and geochemical models should be used

to determine whether ground water and aquifer material have estab-

" lished equilibrium. Thermodynamic data should also be used whenever

possible to predict maximum radionuclide concentrations in the

--- ground water.

C. Experimental determinations should be made for radionuclide solu-

bilities that cannot be predicted from thermodynamic data. Solu-

- bilities should be studied over the range of ground waters observed

at a site and for any ground-water type that may exist after a re-

pository breach.

- D. Static studies should be conducted with site-specific rock samples

and ground-water compositions. Experimental temperatures should be

the same as those found in the aquifer being investigated. The

laboratory system should be as close to equilibrium as possible

before the rocks are allowed to come in contact with the spiked

ground water. Static studies will investigate the effects of pH,

Eh, temperature, type of aquifer material, radionuclide concentra-

tion, and ground-water composition over the range of observed or

expected field conditions.

E. We realize that static tests do not represent the hydrodynamics of a

geologic disposal system. However, the alternative method (dynamic

10



testing), which does take hydrodynamics into account, is impractical

for fully investigating all the important retardation parameters,

because dynamic testing is costly, time consuming, and requires more

equipment and laboratory space than static testing. Dynamic methods

will be used to verify predictions made by stat.ic tests in critical

areas and to investigate hydrodynamic interactions between geologic

systems and waste radionuclides. Outlines of standard procedures

for batch Kd determinations and data reporting are included as

appendices to this report. A future report will address standardi-

zation of dynamic retardation tests. At present, dynamic retarda-

tion methods need futher evaluation to resolve anomolous results and

to gain experience with intact, porous, and fracture-flow cores.

_,..
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AVAILABLE METHODS

Two types of methods--the static or "batch" technique and the dynamic or

"column" method--are presently used for Kd determinations and can be used for

the study of sorption/desorption mechanisms, precipitation, and mineral

formation.

The static method utilizes a suspension of crushed rock in ground water

that has been spiked with one or more radionuclides. Continuous agitation of

the suspension is maintained during the reaction period prior to sampling and

analysis. Minimal space, equipment and funds are required, making the static

method most expedient when a large number of radionuclides, rocks and minerals,

and ground waters are investigated (Relyea 1979d). Sorption parameters such

as pH and chemical composition of solutions may be readily monitored or con-

trolled to determine the approach to equilibrium. Sorption and desorption can

be determined as functions of time (for reversibility) and as functions of

_ mass or surface area.

Dynamic methods monitor a tracer solution as it flows through a column of

crushed or intact rock. Dynamic experiments include low-pressure, flow-through

column studies, which allow observation of nuclide migration in porous rock

N without sample alteration caused by grinding as in batch experiments. Re-

versibility, multiple-oxidation states ( oxidation-reduction speciation), and

^ physical transport of colloids can be studied with realistic solid-to-solution

^ ratios for porous flow, fracture flow, and flow through crushed rock.
^

Studies with high-pressure flow through columns containing intact core

samples provide better data for flow through fractured and low-permeability

rocks than do static methods or columns packed with crushed material.

Axial filtration (Triolo, Harrison and Kraus 1979) is a dynamic method

that uses a flow-through, stirred-reactor technique. Advantages are similar

to those afforded by classical column techniques, except that low-permeable

materials, such as clay (which is not suitable for other dynamic methods), can

be studied.

13



The static and dynamic methods used for studying the interaction of

radionuclides with rock and ground water are complementary. Static methods

are especially effective for the study of a wide variety of radionuclide/

ground-water/and rock or soil systems.

14'
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EVALUATION OF THE METHODS

STATIC METHODS

Although the static method is generally advantageous for studying radio-

nuclide behavior in geologic.media, the system is not without its drawbacks.

Because hydrologic flow effects are not inherent in the design of static
methods, the method cannot be used to study the mobility of radionuclides in

geologic media. Since static experiments use suspensions of solids in solu-

tion, the solution-to-solid ratio is usually high compared to that found in
situ. Studying the adsorption of nuclides that are present in multiple-

oxidation states is difficult because, in most cases, only the total radio-

nuclide concentration is determined, not the concentration of the separate

s^ oxidation states. Methods for determining oxidation states in solution are

` not available for all radionuclides of interest. Methods for determining

oxidation states for adsorbed species are even more scarce. However, separate

oxidation states may be studied singly in pH-Eh/buffered static systems in

which one state predominates. Results for separate oxidation states may then

be combined to predict nuclide behavior in the environment.

- When rocks or minerals are crushed for use in batch-type static tests,
the rock's particle size decreases and its surface area is increased. Fresh

^s surfaces produced by crushing are subject to dissolution when exposed to solu-
tion. Dissolution of the solid phase during weathering can lead to the pre-

cipitation of amorphous colloids of iron and silicon, which may adsorb or

^ incorporate radionclides in their structure. Experimental leaching of basalt

under laboratory conditions has shown that the amorphous, glassy phase dis-

solves slowly, releasing Fe and Si into solution (Barney 1979). Concentrations
of Fe and Si observed in solution were abnormally high, but filtration through

0.01 pm membrane filters reduced their concentrations to levels expected for

Fe and Si that are in equilibrium with their respective amorphous oxides and
hydroxides. Radionuclide concentrations were also reduced by filtration, '
which indicates that colloids had adsorbed or incorporated the radionuclides.
The same study also showed changes in solution composition over a 150-day

15



period for ground waters that were in continual contact with crushed granite

and crushed argillite. However, no colloid formation was detected in these

two experiments. Use of the static method with crushed basalt, granite and

argillite has shown that obtaining equilibrium between rocks and ground water

may require several months or longer. The rocks or aquifer material selected

should already be in equilibrium with the ground water used.

When added to ground water, radioactive tracers may be adsorbed on sus-

pended particles or, if tracer concentrations are too high, they may be pre-

cipitated as a radiocolloid. Several studies (Erdal 1979, Coles 1979) have

shown that filtration of synthetic ground water is necessary both before

adding the tracer (to remove dust particles) and before contacting the spiked

ground water with geologic material (to remove precipitated tracer). Any

sample taken from solid-solution mixtures (effluent) that will be counted to

calculate the Kd should also be filtered to remove colloids formed during the

study. Filtration and centrifugation techniques have been shown to be compar-

able if care is taken during the centrifugation process and if the filters

used do not adsorb the tracer (Erdal 1979). Sorption of tracer by the filter

will lower the measured tracer concentration in the effluent and result in a

calculated Kd value that is too high. The failure to remove particulates with

sorbed tracer during centrifugation results in a high effluent tracer concen-

tration, which yields a low (but conservative) Kd.

^ The formation of minerals containing radiotracers and hydroxide precipi-

tates during a static sorption study is not always easily detected. Both pre-

cipitation and sorption mechanisms remove tracer from solution and result in

an apparent increase in the amount of radionuclide adsorbed. These mechanisms

become important as the radionuclide concentration approaches a solubility

limit for one of the minerals or precipitates. As more radionuclide is added,

more of the mineral or precipitate is formed, and the nuclide solution concen-

tration remains constant (assuming that the kinetics are sufficiently rapid).

Since sorption Kd values normally decrease with increasing radionuclide con-

centrations, an apparent increase of Kd with increasing initial concentration

indicates that a precipitation or mineral formation mechanism may be respon-

sible for the disappearance of tracer from solution. Another indication that

16



sorption has become a secondary mechanism is the constant effluent tracer con-
centration maintained by the solubility limit when excess tracer is added.

Tracer radionuclides such as Pu and Am may be sorbed by the walls of the

sample container, yielding unrealistically high Kd values. To correct for

container-wall sorption of tracers, one may use either 1) the blank-corrected

method, which assumes that container-wall sorption is the same whether or not
rocks are present; 2) direct determination of adsorbed radionuclides by X-ray

or gamma-ray counting of the rocks; or 3) direct determination of activity on

the solid phases (for alpha and beta emitters) by wet chemical stripping or

solid dissolution.

The assumption that container wall sorption is constant, whether or not

rocks are present, has been shown to be invalid; however, mass balance con-

siderations can be used to calculate Kd values without direct determination ofr
activity on the solids ( Relyea 1979b).

.^-.
Direct measurement of adsorbed activity on the solid phase has been used

RM by several groups (Erdal 1978, Relyea 1979c). Problems associated with this
method are usually concerned with attenuation of the X-ray or gamma rays by

the solid, or with obtaining a mass balance for alpha or beta emitters, or
with obtaining a representative sample of the solid for counting. For radio-

nuclides that are significantly sorbed by blank container walls, direct mea-

surement of solid phase activity is more accurate than blank correction. If

_ wall sorption of a blank container is low, the blank corrected method is

faster to use, because solid counting samples need not be prepared. If the

activity sorbed on blank tube walls is larger than about 10% of the average

blank influent activity, direct counting of activity adsorbed by solid samples

should be used.

Static or batch sorption experiments yield more precise results if the

change in nuclide solution concentration upon contact with geologic material

is neither very small nor very large. If the Kd is small, effluent and in-

fluent concentrations are nearly the same, and statistical variation between

samples may be larger than differences caused by sorption. If the Kd is very

large, little activity will be left in solution. The resulting low count

17



rates are then subject to error from statistical fluctuation in background and

subtle changes in the counting geometry. Batch Kd experiments are best used

to measure Kd values between 1.25 and 400 ml/g (Relyea 1979d), provided one

varies the solution-to-solid ratio only over a practical range (4 to 100) and

attempts to keep the effluent/influent activity ratio between 0.2 and 0.8 (20

to 80% sorption of the tracer).

DYNAMIC METHODS

Dynamic or column methods are used to simulate migration of radionuclides

through porous rocks. In the absence of sorption, a nuclide will move with

the flowing ground water and be affected only by dispersion. Sorption retards

(or delays) radionuclide movement relative to the average water velocity.

c-' Mineral formation and precipitation, given adequate reaction time, place upper

% limits on radionuclide solution concentrations and thus also retard nuclide

movement.

-- Equipment, space, and time requirements are the major constraints on the

° number of dynamic migration studies that can be run by a researcher. The

experimental setup usually requires a reservoir for spiked solution, a pump to

deliver solution from the reservoir to the column, an apparatus to physically

contain the crushed or intact rock being tested, and a sample collector for

the column effluent. Space for this equipment and for safety equipment (when

^ high pressures are involved) must be provided for the duration of the

T experiment.

^
Time is a key constraint in performing dynamic experiments. The

retardation factor for a particular radionuclide in a given ground-water and

porous rock system ( assuming ideal chromatographic sorption behavior) is:

R 1 +
Pb

Kd

- E
(1)

where R is the retardation factor; Pb (g/cm3) and E(cm3/cm3) are

respectively, the bulk density and porosity of the rock; and Kd (ml/g) is the

distribution ratio of the radionuclide between solid and liquid phases. A Kd

18



value of zero yields a retardation factor of unity, which implies that the

water velocity and radionculide migration velocity are the same, according to

the following equation:

V

Vw = Rn (2)

where Vw = average water velocity, and Vn = average radionuclide velocity

in the porous media. For a relatively porous rock ( E= 0.20) with a bulk

density of 2.0 g/cm3, the retardation factor is R 1 + 10 Kd. A Kd value

of 10 ml/g would give R = 101, thus, one would not expect the radionuclide to

appear in the effluent at significant concentrations until close to 100 pore

volumes of ground water had passed through the column. Using a typical column

with a length of 5 cm and a water velocity of 50 m/yr, approximately 37 days

would be required for a 50% breakthrough. (Effluent concentration is one half

that of the influent radionuclide concentration). Similarly, a Kd of 100 ml/g

for another radionuclide or another ground-water and rock combination in the

° same apparatus (same pb and E) would require 1 yr for 50% breakthrough in

the laboratory.

When the time required for breakthrough is too long to be practical, the

column may be sectioned and the tracer distribution on the rock determined.

"d If chromatographic behavior is obeyed by the tracer, a gaussian peak or error

^. function distribution (depending on the type of tracer injection and the spike

e, or step function) will be observed. The ratio of the distance traveled by the

tracer (either the peak or the 50% maximum loading) to the equivalent distance

traveled by the ground water (column length times number of pore volumes

passing through the column) gives a direct measurement of the retardation

factor. Experiments should be carefully designed to yield useful and accurate

data, because equipment and space and time requirements limit the number of

dynamic experiments that can be performed.

Several comparisons have been made between Kd values found by static

(batch) and dynamic ( column, axial filtration) methods (Meyer et al. 1977,

Coles 1979, Erdal 1979, Gee and Campbell 1980, Seitz 1979). Generally, Kd
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values determined by the batch method are equal to or higher than those from

column experiments. In other words, tracer breakthrough in a column may occur

earlier than predicted by data from batch sorption measurements.

Meyer et al. (1977) have shown that Kd values for Cs on Na+-saturated

montmorillonite are the same for batch and column methods using solutions

ranging from 0.5 N to 4.0 N NaCl. Meyer et al. (1978) have also shown that

the batch and column methods produce comparable data for Sr(II)/Na(I) exchange

on a Na+ saturated montmorillonite and for Sr(II)/Ca(II) exchange on a Ca

montmorillonite. Their results also show that Sr and Cs adsorption on mont-

morillonite occurs by an ion exchange mechanism. Since the Kd concept can be

derived from chromatographic ion exchange theory (Meyer 1979), it is not sur-

prising that Kd values for montmorillonite are the same for batch and column

methods.

Gee and Campbell (1980) have shown that batch and column techniques pro-

duced similar results for two soils taken from the Hanford Reservation in

^ southeast Washington. Batch tests and unsaturated soil column tests with

60Co-EDTA, 85Sr, 95mTc, and 125I yielded Kd values that were less than

1.0 ml/g, but the column tests did so with greater precision than the batch

tests. Batch Kd measurements for small Kd values yielded effluent concentra-

tions that were nearly the same as the influent concentrations. Thus, statis-

. tical variations in counting both influent and effluent activities can give

standard deviations for Kd values that are comparable to the mean Kd values.

cr. A comparison of batch and column Kd methods at Los Alamos Scientific

Laboratory (Erdal et al. 1979), on the other hand, indicates that the two

methods are not always equivalent. Using crushed material (granite, argil-

lite, and tuff) for batch and column Kd determinations, the Los Alamos re-

searchers have found that batch Kds are generally, but not always, higher than

column Kd values. They have also shown that the ratio of batch Kd to column

Kd increases in the order Sr(2X), Cs(3X), Ba(SX). These three nuclides are

added together (usually as a spike to the column and sometimes in a continuous

feed influent with constant tracer concentration). Analysis of the ground

water indicated that natural Sr and Ba concentrations were on the order of

20



0.1 ppm, which corresponds to ^10-6 M for both nuclides. Thus, the added

tracer concentration (at or below 10-6 M ) would have little affect on Kd

values, since all measurements are made at essentially the same point on the

sorption/desorption isotherm. If Kd values differed only because the surface

areas exposed to solution were larger in the batch method than in column

studies, then one might expect that all column Kd values (Sr, Cs, and Ba)

should be decreased by the same factor, which is not the case. As yet, there

is no definitive explanation for the observed discrepancy.

Discrepancies between batch and column methods may be explained in several

ways. One possibility is that agitation of the slurry during a batch test

actually grinds rock particles and causes their dissolution, resulting in

1) the formation of new minerals or precipitates with more surface area and/or

higher sorptive capacity, and 2) the introduction of competing ions into the

solution. Relatively soft materials, such as the montmorillonite mentioned

previously, are not chemically affected as a consequence of grinding during

-^ agitation, which means that their respective batch and column test should

agree. Meyer et al (1977, 1978) and Gee and Campbell (1980) have substantiated

• this point. Chemical effects as a result of grinding are not present during

P column tests, because the columns are not agitated.

Sorption kinetics could also be a reason that batch and column methods do

_ not always agree. Equilibrium is not always attained using either batch or

^ column methods. If, however, the geologic media are not altered by crushing,

and if a suitable ground water is used, the batch method can (but does not
c:+

necessarily) rapidly reach equilibrium. Dynamic sorption methods inherently

produce disequilibrium states, for if flow velocities are high, radionuclides

may pass through a column too rapidly for equilibrium to occur.

A comparison study of batch and column Kd values for Cs+ on crushed

basalt (Seitz 1979) has produced consistently higher Kd values for batch than

for column experiments. Cesium concentrations were varied over*several orders

of magnitude in both types of experiments. Isotherms for both methods seem to

be parallel (see Figure 1). Flow velocities (4 km/yr) in the column experiment

were faster than flow rates expected for a repository environment. Column

experiments with lower flow velocities have also been conducted for Cs+ on
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crushed basalt. If the amount of sorption previously observed in columns was

really limited by kinetics, then Kd values determined at lower velocities were

expected to approach those values determined by the batch method. As seen in

Figure 1, this is apparently true.

Column studies with intact, fractured, core material have been started

(Erdal 1979). Intact cores of Climax Stock Granite (from the Nevada Test Site)

containing natural fractures are placed in a column apparatus that simulates

overburdens that confine pressure on the rock core. Radionuclide-traced ground

water is forced through the core under a pressure less than that used for con-

finement, and the effluent is analyzed for breakthrough as in a normal column.

After completion of a fracture-flow test, the rock core can be sectioned and

analyzed to determine the radionuclide distribution. For alpha-emitting radio-

nuclides, autoradiography can be used to determine which minerals adsorb a

^ particular radionuclide. Results thus far have shown that it is difficult to

force ground water through fractures in the granite. In several cores, ground

= water was found to flow around the core between the rock and a confining sleeve

of Teflon®

In the batch and column comparisons made thus far, differences in mea-

sured Kd values are less than one order of magnitude. Experimental results

have shown that the radionuclide concentrations and chemical compositions of

^ ground water must be the same for making a comparison. Studies of the effects

of retardation mechanisms in porous rock are needed to incorporate mechanism

~ data obtained in batch studies. The study of fracture-flow systems is also

^ needed to ensure that laboratory data are capable of satisfying the require-

ments for the safety assessment of deep-geologic, nuclear-waste repositories.

® Trademark of the du Pont Co.
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APPENDIX A

PROPOSED STANDARD BATCH Kd PROCEDURE

1.0 GEOLOGIC MATERIAL PREPARATION

1.1.0 For radionuclide migration/retardation studies, aquifer materials

should be selected from the most likely pathways that connect a deep geologic

repository and the biosphere. Aquifer material in the form of unconsolidated

sediments, loosely consolidated sediments, or consolidated porous material may

be obtained in a core during a site-specific geologic investigation. (For a
batch study, consolidated, porous rock and intact, impermeable rock may be

treated using the same procedures.)

Bulk chemical analysis, mineralogy, surface area (using the

ethylene-glycol/monoethyl-ether method) and cation exchange capacity should be
determined for each sample (as outlined in the recommendations section). For
further reference, see the following publications:

• Surface Area--Cihacek, L. J., and J. M. Bremner. 1979. "A

Simplified Ethylene Glycol Monoethyl Ether Procedure for Assessment
of Soil Surface Area." Soil Sci. Soc. Am. J., 43:821-822.

• Cation Exchange Capacit --Chapman, H. D. 1965. "Cation-Exchange

_ Capacity." In Methods of Soil Analysis Agronomy , 9:891-901, ed.
C. A. Black. Am. Soc. of Agron., Madison, WI.

Treatment for each type of aquifer material will be as follows.

1.1.1 Unconsolidated Material : To remove particles greater than

one millimeter (>1.0 mm), the sample shall be wet-sieved with ground

water by passing the sample through a No. 18 stainless steel sieve. If

tests with the material are to be conducted in an inert atomsphere or in

a controlled atmosphere, rock samples should be prepared under those same

atmospheric conditions. This requires minimum contact of the rock with

air from the time it is removed from the earth until the time the

experiment is concluded. This condition holds for Sections 1.1.2 and

1.1.3. The particle size shall be determined and reported with results

from Section 1.1.0.
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1.1.2 Loosely Consolidated Material : The sample shall be disaggregated

by an ultrasonic method or by hand with a mortar and pestle. A portion of the

intact material should be preserved for dynamic testing. Disaggregation shall

proceed no farther than that required to reduce the sample to its natural

grain size. Fresh surfaces will be exposed to weathering, but this procedure

should reduce fracturing of particles to a minimum. Remove particles >1.0 mm

as in Section 1.1.1. The particle size distribution after disaggregation

shall be reported with results in Section 1.1.0.

1.1.3 Consolidated Porous Material (and intact, impermeable rock) : A

portion of the intact sample should be preserved (and maintained under

conditions that simulate those in situ) for dynamic testing. The remaining

sample should be crushed to pass through a No. 18 sieve (<1 mm). Crushing

04
should be accomplished by means that minimize the introduction of extraneous

material, such as metal filings, into the sample. The sample should then be

wet sieved on a No. 50 sieve (0.30 mm) to obtain particle sizes between
^.N.

0.30 mm and 1.00 mm.

^ 1.2.0 After samples have been sized (Sections 1.1.1, 1.1.2 or 1.1.3),

they must be homogenized to insure that the same particle size distribution is

obtained for each subsample to be studied.

1.2.1 After homogenizing, one-gram (1.0 g+ 0.01 g) samples are to be

weighed (and weights recorded) into tared, 50-ml polycarbonate centrifuge

" tubes with screw caps. Centrifuge tube threads should be wrapped with teflon

-° tape to prevent leaks.

CN 1.3.0 Thirty-milliliters of filtered, unspiked (no radioactive tracer)

ground water is added to each tube for a "cold" wash. The tube caps should be

replaced before the tubes are placed on a shaker for a gentle overnight

agitation (about one oscillation per second).

1.3.1 The tubes should next be centrifuged for 20 min at 5,000 g (g =

980 cm/sec2). The solution should then be removed with a vacuum pipette to

prevent removal of the rock sample (some liquid will remain in the tube).
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1.3.2 The wash procedure should be repeated twice more for a total of

three cold (nonradioactive) washes. Before the centrifuge step on the third

wash, the pH of the solid-solution should be measured and recorded. If the pH

has changed from its natural equilibrium value as measured in the field, the

rock sample and ground water have not yet re-established equilibrium.

Continue to wash until the pH is stable. A change in pH is most likely to

occur with samples of crushed rock (Section 1.1.3), because fresh surfaces

(either rock or cementing agents) have been exposed.

1.3.3 After removal of the third wash solution, each tube must be

reweighed and the weight must be recorded to determine the volume of excess

solution left in each sample. The cap of each tube should be secured to

prevent evaporation, which would result in in an increased salt concentration

in the remaining solution. The excess solution volume is found by dividing

the excess solution weight by the solution density.

•^ 2.0 GROUND-WATER PREPARATION

2_1 If possible, ground water from the aquifer to be studied should be

A used in batch Kd measurements. Three subsamples (one liter each) should be

taken during sampling and preserved according to USGS guidelines for trace

metals and nutrients (Brown et al, 1970). Bulk ground-water samples

•^ (30 gallons or more) must be placed in a polyethylene-lined, airtight drum and

flushed with nitrogen to prevent the oxidation of reduced species. The ground

^ water should come in minimum contact with air (preferably none), because

^ exposure to air will oxidize Fe+2 to Fe+3, which then precipitates and

alters the redox potential (Eh).

2.2 Ground water should be filtered before it is used in a batch Kd

measurement. Particles greater than 0.45 um should be removed by passing the

solution through a 0.45 pm polycarbonate membrane filter as suggested by the

EPA (Ballinger 1979). If the ground water has been stored for more than one

month after the initial chemical analysis, analysis of major constituents (Ca,

Mg, Na, K, Cl, NO3, 504, CO3 and HCO3) should be repeated before

continuation of the experiment. If retardation parameters (such as pH, ionic
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strength, and complexing ligand concentration) are to be studied, the
synthetic or altered ground water should be chemically analyzed after

preparation and filtration.

3.0 ADDITION OF TRACER RADIONUCLIDE TO GROUND WATER

3.1 The adding of tracer to a solution represents

execution of radionuclide migration studies. Two items

considered: 1) the total amount of tracer added should

volume of solution used; and 2) the chemical compositio

or synthetic ground water must remain unchanged, except

the radionuclide(s) to be studied.

a critical step in the

must be carefully

be soluble in the

i of the ground water

for the addition of

3.2 Tracers should be dried so that excess acid or base in the stock
Nr

solution is removed. The researcher should be familiar with the chemical

behavior of the tracer(s) so that the tracer is not volatilized during the

drying procedure. For example, technetium and iodine should not be dried in

acid media or they will be lost by volatilization. The chemical form produced

by drying should be soluble in the solutions used in experimentation. (An

incorrect procedure would be to dry plutonium in basic media that would
produce an insoluble PuOZ or Pu(OH)4 precipitate).

3.3 Exception to the dry-addition rule must be made in some cases for

d radionuclides that have multiple oxidation states. When drying might change
the tracer stock solution's oxidation state--such as Pu(VI) to Pu(IV)--tracer

CN
should be added to solution in as small a volume as possible with as little
excess salt and acid or base as possible. Otherwise, a dry, soluble,
salt-free tracer shall be added to ground water.

3.4 Tracer solution should be allowed to sit for at least one week under

conditions to be used in the experiment (in equilibrium with air if the
aquifer is in equilibrium with air, or under controlled atmosphere conditions

if the aquifer is not in equilibrium with air). Adjustments to pH should be
made during the equilibration time, if required. Solution should be filtered

(0.45 pm) after equilibration prior to contact with the geologic material.
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3.5 The amount of tracer present in the ground water just prior to con-

tact with the rock should be calculated (moles per liter). Any carrier isotope

of the element added with the tracer and any natural occurrence of the element

in ground water should also be reported.

4.0 ROCK AND GROUND-WATER CONTACT

4_1 Thirty milliliters (30 ml) of filtered ground water containing the

radioactive tracer is added to each sample tube containing one gram (1 g) of

solid. In addition, 30 ml of spiked ground water is placed in each of three

empty (blank) centrifuge tubes (prewashed as in Section 1.3). The blank tubes

are needed to detect sorption of tracer by centrifuge tube walls. If actual

effluents cannot be conveniently analyzed, a cold ground-water/washed aquifer

tx'a
material (Section 1.3) sample should also be run to facilitate characteriza-

tion of the ground-water composition at time of Kd determination.

4.2 After replacing tube caps, the tubes are placed in plastic bags (5

to 20 tubes per bag) to contain any contamination caused by leaky tubes. Next,

^ the tubes are placed on a shaker (for linear reciprocating shaker, place tubes

horizontally) so that the solid-solution mixture makes maximum contact. The

shaking speed should be set at 0.8 to 1.2 oscillations per second to ensure

mixing of solid and liquid but to reduce grinding of particles.

'' 4.3 Contact between solid and liquid should be seven days (7 days) if

time is not a parameter being studied. The samples are then removed from the

-- shaker and the tubes are visually checked for leaks (decontaminate if neces-

cy+ sary and discard leaky tubes). The blank tubes then are analyzed for total

activity.

4.4 The blank and sample tubes are centrifuged for twenty minutes

(20 min) at 10,000 g (g = 980 cm-sec-2) or more, and fifteen milliliters

(15 ml) of effluent is filtered through a pre-washed 0.45 m polycarbonate-

membrane-type filter. (Pre-wash with ground water from Section 2.2 to remove

foreign particles and soluble impurities.) Filtered effluent samples should

then be analyzed for tracer activity. Next, the effluent is decanted from the

blanks into cleanly washed tubes and the empty blank tubes are analyzed for
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tracer activity adsorbed on tube walls. If tracer activity on blank tube

walls is greater than 10% of the total blank activity (determined in Sec-
tion 4.3), the blank influent activity should not be used for Kd calculation.
If the activity sorbed on blank walls is significantly greater than 10% (using
a one-tailed "t" test and combined counting error and statistical variation

between blanks), direct counting of activity of the sample should be used.
Methods for both cases follow.

5.0 BATCH Kd CALCULATION WHEN TRACER IS NOT SORBED BY BLANK TUBE WALLS

5_1 Data needed for Kd calculation are: 1) excess solution volume, X,

(ml) left from the third cold wash (weight of excess solution divided by solu-

tion density); 2) weight, W, of solid aquifer material, (g); 3) volume, V, of
ground water with radioactive tracer added (ml); 4) activity of tracer in the

effluent, E, solution (dpm/ml); and 5) the tracer activity in the influent

blank, B, (dpm/ml).

5.2 The tracer concentration on the solid phase is:

CBV - E(V + X)]/W

The Kd is then given by:

Kd= BV-E(V+X)
WE

^

or

Kd =^ (€- 1) - w

6.0 BATCH Kd CALCULATION WHEN TRACER IS SORBED BY BLANK TUBE WALL
(Gamma or X-ray Emitting Isotopes)

(A-1)

(A-2)

(A-3)

6.1 If the radioactive tracer is adsorbed on the walls of blank tubes,

the tracer adsorbed by the solid should be determined by direct measurement.
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Using a stock solution of known activity (traceable to an NBS standard), a

known volume of solution (1 ml) is dried on 1 g of solid aquifer material in a

polycarbonate centrifuge tube. The dried solid is transferred to a clean tube

and the drying tube is counted to determine the amount of traced dried on the

tube surface (should be less than 5% of the total activity). The dried, spiked

solid is now a standard used to determine the attenuation factor (A) for the

gamma or X-rays emitted from isotopes used in sorption experiments.

6.2 For this procedure, after the rock and traced ground water have con-

tacted for at least 7 days, the samples are centrifuged as in Section 4.4, and

then the liquid effluent is decanted from the sample tube using a vacuum

pipette, and the sample is weighed to determine the residual effluent solution

volume (X = residual solution weight/solution density). The solid sample is

then dried (it should be "air dried" in the same manner as when originally

° weighed, either in air or in a controlled atmosphere) and transferred to a

clean polycarbonate centrifuge tube. The weight of the dry sample W* (g) is

then determined and radiocounting of the dry sample is performed for tracer

activity, C (dpm), using the same detector, sample position, and radioanalyti-

cal techniques as used for the attenuation standard prepared in Section 6.1.

6.3 Effluent tracer activity, E(dpm/ml) should be determined in geome-

tries that are traceable to an NBS Standard. The Kd can then be calculated

-^ from:

_ Kd= C*EX
W*E

^

7.0 BATCH Kd CALCULATION WHEN TRACER IS SORBED BY BLANK TUBE WALL

(Alpha- or Beta-Emitting Isotopes)

(A-4)

If the radioactive tracer is adsorbed by sample container walls, only the

effluent activity can be determined simply and directly. Two options are

available for determination of the activity adsorbed by the rock sample. One

method is to remove both the solid sample and effluent from the original
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container and to strip the isotope from the container wall by some means.
Mass balance will allow calculation of the Kd if one knows the amount of

radionuclide in the effluent on the tube wall and the total radionuclide

initially added. A second method is to chemically remove the radionuclide

from the rock sample and count it.

Problems with the first method include the possibility that some of the
solid may adhere to the wall and raise the apparent activity of the nuclide
adsorbed by the container. Removal of the solid sample may also cause
leaching of the container wall and result in an apparent low activity for
nuclides adsorbed by the container.

The second method is subject to incomplete removal of the nuclide from

the solid or loss of material during any additional steps required for
extraction, or both.

':A
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APPENDIX B

REPORTING RESULTS FROM RADIONUCLIDE

MIGRATION EXPERIMENTS

The investment of time and money in the study of radionuclide migration

and the usefulness of the obtained data make reporting results a vital part of

the research effort. A standard format for reporting results has been

developed by Serne (1977) and revised by Hostetler, Serne and Brandstetter

(1979). The following is an outline of the recommended generic Kd coding form

used at PNL. (Coded results from a batch Kd experiment using microline are

included as an example at the end of this section.)

Generic Kd Coding Form
,r

(Revision 1)

Adsorption

t
Reference Exp. Details Geologic Media Aqueous Phase Nuclide Function

A. Name A. Method A. Name A. When A. Iso A. Kd

^^^ B. Lab 8. State B. Origin B. Macro S. Conc B. Units

C. Source C. Ratio C. Total C. Trace C. Spe C. Dir

0. Quality 0. Time D. Mineral D. Add D. Num

E. Oate Submitted E. Temp E. CO3 E. Loading

F. ATM

G. SEP

H. Analyze

1. Rad
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EXPLANATION OF Kd CODING FORM (REVISION 1)

Category I. Reference

A. Name of Investigator who is

experiments, or the person most

data. We would like to be able

knowledgeable person.

B. Lab affiliation of investig,

C. Source where one could find

use the following format:

reporting results, the person who performed

capable of answering questions about the

to track each data point back to a

itor named in A.

the results published and described. Please

Author's name, (date), title of paper, journal or lab report and number,

711
publisher where applicable, page number.

If unpublished, use UNP.

D. Quality refers to one's confidence in the data. A critical assessment

should be performed which includes identification of limitations, such as lack

of certain parameter characterization, unexplained perturbations, etc. For

conciseness, we have chosen a five-category value system:

1.

a 2.

3.

4.

^ 5.

Excellent quality

Above average quality

Average quality

Below average quality

Poor quality

Because this categorization is arbitrary, comments as to why you gave the

data a certain rating are welcome. We would consider the "excellent" category

to include Kd data whose complete characterization of media, solution, and

nuclide are available. Also, for an "excellent" rating, the test results

should have been reproduced several times with good precision.

"Average quality" would leave some characterization work ill-defined

(those which are least important and most costly to determine, have not been

reproduced, or have precision no better than ±30%).
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"Below average" data show meager system characterization, little

reproductibility, or identified experimental limitations.

E. For quality assurance purposes, each data point needs to be dated as to

when it was submitted to the computer (calendar year).

Category II. Experimental Details

A. Method refers to batch, axial filter, column, intact core, channel

chromatography, and so forth. For batch method, add more detail as to whether

cold washes and blank corrections were used. For example, use mnemonics such

as

BATCH (3W, BC) = batch, three cold washes, with blank tube sorption

correction

M
BATCH (OW) = batch, zero cold washes and no correction.

B. State of geologic media such as crushed 40 um; intact core 2.5 cm dia x

5 cm; tablet 1 cm x 0.5 cm; crushed 30-80 um, etc.

C. Ratio of solids to solution for batch Kd; for columns include pore

velocity or column velocity (for example, 1 PV = 1 cm/hr CV = 0.5 cm/hr) and

porosity and column bulk density; PR = porosity Bd = bulk density.

1 D. Time of contact such as shaking time for batch system or residence time

in flow through co)umns (h) = hours, (d) = days.

E. Temp is the temperature of the experiment in °C.

F. ATM is the equilibrating atmosphere air, NZ, Ar, 10% CO2 - 90% Ar,

and so forth.

G. Se^ stands for separation technique; did you use filters (give median

pore size) or centrifugation; (include approximate g's)?

FIL(.4) = filter 0.4 m

CEN(50) = centrifuged at 50 g's where g = 980 cm/sec2 units.

H. Count states whether the Kd is determined by counting liquids only or

solid and liquid:

L/L = liquids only

S/L = solid and liquid

B.3



I. RAD. List other radioisotopes that were run simultaneously in the experi-

ment just in case we determine that certain nuclides affect other nuclides.

Example: Sr, Cs, Tc means these isotopes were run together.

Category III. Geologic Media

A. Name. Use the generic name of the rock or mineral, e.g., basalt, granite,

montmorillonite.

B. Origin . Include a geographic description and some formation information,

e.g., Eleana shale, Sentinel Gap basalt, Argillaceous Shale Wards #404561.

C. Total . Identify the chemical composition as oxides (SiO2, A1203Ti02,

FeO, Fe2O3, MnO, CaO, MgO, K20,Na20, P205 in %.

qT D. Minerals . Identify the minerals present in the rock sample, listing the

major ones first, the minor ones last, in the order of the composition per-

centages in which they appear (largest first). If there are quantitative

--- estimates, add this information as % and tr = 5%.

E. CO3 = carbonate content of rock.R -

F. OX = hydrous Fe, Mn, Al oxides content of rock.

G. CEC = cation exchange content of material; units = meq/100g. Specify pH
h•f

of system (typically pH = 7).

^ H. AEC = anion exchange content of material; units = meq/100g. Specify pH

of system.

I. SA = surface area; use "EG" for ethylene glycol, "BET" for gas adsorption,

use units m2/g, for example, EG(1.3).

Category IV. Aqueous Phase

A. When measured; BEG signifies before tracer adsorption begun, END signifies

at the same time as Kd determined.
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B. Macro Constituents include:

(1) pH

(2) Eh (units vs S.H.E.)

(3) Na'

(4) Ca+2
(5) K+

(6) Mg+2

(7) Cl

(8) HC03-; C03=

( 9) 504=

( 10) Si04

C. Trace constituents include:

(11) NO3, ppm

(12) Organic carbon

(13) B

(14) Trace metals or anything else measured.

Category V. Nuclide

A. ISO. Isotope used such as 237Pu, 95mTc.

B. CONC . Concentration added to ground water in M = molarity. Include any
-- carrier if present.

" C. SPE. Species or valence state added, if known. Also state whether the
valence state distribution was determined after equilibration state, e.g.,

Pu(VI)BEG; Pu(IV)15%, Pu(V)50%, Pu(VI)10%END

(which means that the original spike was 100% Pu(VI), and after shaking the
final distribution was as shown).

D. ADD describes how the tracer was added to the ground water; DRY means

evaporated to dryness and gw added; WET'/PH/30F0.4 means a small aliquot of

liquid tracer was added to the ground water, the system was re-pH'ed to the

appropriate value and shaken for 3 days to filtration through 0.4 um filters

before usage.
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DRY/1DC50 means the dried spike was brought back into solution equili-

brated for one day, and centrifuged at 50 g's before usage.

E. Loading describes (a) the percent of total exchange capacity of the ad-

sorbent fill with the nuclide of interest or (b) the mass of nuclide adsorbed/

mass of adsorbent at the condition when the Kd measurement is performed. This

value can be calculated from knowledge of the cation or anion exchange capacity

in case (a) and from mass balance considerations. One must know the original

mass of the nuclide used in each experiment.

Category VI. Adsorption Function

A. Kd . Place the value for Kd or Rd, whatever you prefer to call it. If a

retardation factor is determined in a flow-through column as a function of

water velocity, designate by the symbol RF.

Where several measurements were made, also give the standard deviation, such

as

75 + 12=aKd

- (RF) 60 + 30 = retardation factor

°. B. UNITS . ml/g or ml/m2 or LESS = unitless

C. DIRECTION . ADS = adsorption direction

DES = desorption direction

^ A spike addition to a column would be ADS-DES.

D. NUM = number of observations used to derive data point, for example 3

triplicate samples.
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Example of Batch-Kd Experiment

PNL Batch Kd for Microcline

Reference Exp. Details Geologic Media Aqueous Phase Nuclide Adsorption-Function

A. J. F. Relyea A. Batch ( 3W,BC) A. Microcline A. Beg. A. End A. Tc A. 0.61 + .13

B. PNL B. Crushed 100 m B. Parry Sound Ontario B. B. B. (approx.) 1x10-814 B. ml/g
(Ward's Scientific) pll 8.2 pll 9.25

^C. WISAP Task 4 C. 0.59/15ml Eh(mv) UNK Eh(mv) 312 C. Tc04 Beg C. Adsoption
Contractor's C. Sio p 67.5 Na 690ppm Na 654ppm ..
Information D. 29d A1 203 17.1 Ca 0 Ca 4ppm D. Wet/pH/7DFO.45 D. 3 reps
Meeting Pro- Ti02 N.D. K 0 K 20ppm
ceedings, E. 25 C FeO 1.8 Mg 0 Mg 0 E. Not determined
October 2-5, MnO N.D. Cl 0 Cl 9.4ppm
1918, F. Air CaO 0.1 NC03 1350ppm HC03 1511ppm
PNL-SA-7352 Mg0 tr 0.1 C03 0 CO3 15ppm

G. Cen ( 70) K20 13.6 S04 0 S04 ND
D. 2 Na z0 N.D. Si 0 Si 30 ppm

w H. L/L P2O5 tr 0.1
E. 1978

4 I. Sr,Cs D. Microcline - 83% C. C.

(K3.95)(A13.95 NO3 UNK NO3 UNK
85112.05)0 3 p O.C. UNK . UNK0 .

Quartz - 15% B UNK B 2.8ppm
(Si02) Tr.Mat UNK Tot.Fe 9.lppm .
Calcite - 1 to 2% Tot.P 0.2ppm
(CaCO3) Tot.Al 4.8ppm
Garnet 1%
Almandine-Pyrope
Garnet, ( Fe2,69
M94.14)(Fel, pp ,
A1,41,Si5.537
024

E. 1%

F. Not determined

G. 1.2 t 0.2, p11=7

It. Not determined

1. E.G. (6.1 + 1.0,)
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APPENDIX C

COLUMN PROCEDURES AND DATA REPORTING

1.0 ROCKS

Any material that can be used for a batch sorption/retardation experiment

can generally be used in a column experiment. The major advantage of using a

column instead of a static test, aside from being able to study hydrodynamic

effects, is that more realistic solution-to-solid ratios can be used. Intact

samples of aquifer material should be used for dynamic tests whenever possible.

However, dense, impermeable rocks may require crushing for use in low-pressure

column work.

2.0 GROUND WATER

Ground-water samples or synthetic ground water should be prepared with

the same restrictions that are applied to the use of solutions in batch ex-

periments. Geologic media and ground water should be at equilibrium before

beginning a column retardation experiment. Methods for adding tracer to ground

water are the same for batch and column experiments.

^4
3.0 APPARATUS

Radioactive tracer experiments using columns should be conducted with

materials that keep sorption of tracer by the apparatus to a minimum (such as
r.7%

teflon-lined solvent delivery tubes, solution reservoirs, and geologic-media

confinement vessels). Experimental setups generally consist of: 1) a reser-

voir to contain ground water traced with a radionuclide; 2) a solvent delivery

system for transport of ground water from the reservoir to the column; 3) the

column, which serves as a confinement vessel for the rock being studied; and

4) a system to collect effluent for analysis (e.g., a fraction collector).

The ground-water reservoir should be made of an inert material to prevent

solution composition changes caused by sorption on container walls. The
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reservoir should also be airtight to prevent the loss of solution by evapora-

tion, and the introduction of gases or particulates from the atmosphere.

Solvent delivery systems may vary widely, ranging from a gravity-feed-type

for use with low-pressure, high-permeability rocks, to a high-pressure system
requiring a high-pressure pump and teflon-lined stainless steel tubing for use
with dense, low-permeability rock cores.

Confinement vessels also vary widely according to the pressure (safety)

requirements. The sample containment vessel should also be inert with respect
to the radionuclide being studied.

Sample collection systems range from a bottle under the column to auto-
mated fraction collectors. Care should be exercised to insure that sample
loss does not occur by evaporation and that the effluent volume passing through

the column is known. Post column mixing should be reduced by keeping the

tubing from the column to the fraction collector as short as possible.

Low-pressure, saturated-column experiments are best run in an upflow mode.

Influent should enter the column from the bottom and exit as effluent from the

top. Application of the upflow technique helps to prevent clogging of small

pores by air bubbles (which may not be much of a problem with unsaturated or
high-pressure column experiments).

r, 4.0 DATA REPORTING AND INTERPRETATION

Data required for interpretation of a column experiment (but not for a

batch experiment) include: pore or void volume; porosity; bulk density; pore

water velocity; column dimensions; and the radionuclide concentration in each

effluent sample. Mineral or rock parameters and ground-water compositions

should be reported as shown in Appendix B. The time should be reported for

both the duration of the experiment and for the time it takes one pore volume

of solution to pass through the column.

For porous media, many parameters can be determined from a few basic

measurements of porosity E, bulk density pb, column dimensions L and r, and

the volumetric flow rate Q(cm3/day). Definitions for the measured

parameters follow.
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L = length of the column (cm).

r = radius of the column (cm) on half the inside diameter.

= porosity of the column. This parameter may be thought of as an

absolute measurement, but is in fact subject to some interpretation.

Two definitions will be given for the porosity.

PR-S = static porosity (cm3/cm3) is the volume of the column not filled

by solid matter (or the void volume). Static porosity may be

calculated from:

PR-S = 1 - Pp (Cl)

where BD is the rock bulk density, and PD is the rock particle

density. (see "Porosity" J. A. Vomocil. 1965. In Methods of Soil

Analysis , ed. C. A. Black, Agronomy No. 9, pp. 299-314, American

Society of Agronomy, Inc., Madison, WI.)

" PR-D = dynamic, effective or hydrodynamic porosity (cm3/cm3). This is

the actual porosity available for fluid transport in the column (less

than or equal to PR-S). Usually, a non-sorbing species is added to

^ the ground water influent to determine the dynamic porosity.

Figures C1 and C2 show a tritium breakthrough curve for two flow rates

in the same column, from which the dynamic porosity and dynamic pore

_ volume (below) can be calculated.

cr^ CVOL = column volume = LD2/4 (cm3).

PVOLS = static pore volume = (PR-S) (CVOL) (cm3).

Q = flow rate through the column (cm3/yr).

PV-S = pore water or darcy velocity (M/yr) calculated from the static

porosity:

PV-S = LQ/(PR-S). (C2)
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This is the linear velocity of the liquid moving through the column,

assuming that the entire void space, PVOLS, is available for transport.

PV-D = pore water velocity (M/yr) relative to the dynamic pore volume:

PV-D = LQ/(PR-D). (C3)

QT = total effluent ( cm3) collected in the experiment from its beginning

to time = T at the end of the experiment.

BT:P = breakthrough volume for a spike/peak injection of radionuclide

tracer. This is the volume element in which the maximum or peak

tracer effluent concentration is observed.

BT:50 = breakthrough volume for 50% recovery of the initial spike or for

C/Co = 0.50 for a column-loading experiment (C = concentration of

tracer in the effluent, Co = tracer concentration in the influent).

•^ For ideal chromatographic behavior, a spike injection should yield a

., gaussian peak in the effluent tracer concentration vs. effluent volume curve.

Figures C1 and C2 demonstrate BT:P and BT:50 for tritium in a column of

crushed Westerly granite. The particle density is about 2.6 g/cm3 and the

bulk density is 1.4 g/cm3. The static porosity is given by Eq. (Cl):

3 PR-S = 1 - ^ = 0.46

The column volume is roughly CVOL = 75 cm3 which gives:

PVOLS = (PR-S) (CVOL)

^ = 34 cm3.

If tritrium were an adsorbed species, it would be retarded relative to

the ground water, and the breakthrough (BT:P and BT:50) would be found at

volumes in excess of 34 ml of effluent. Two conclusions may be made from the

figures:

1. The behavior of tritium in a column of crushed Westerly granite

(20-50 mesh) does not follow ideal chromatographic behavior.

2. The effective or dynamic porosity for tritium in a column of crushed

granite is less than the static porosity. The ground water does not flow

equally through the entire void volume of the column.
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It is an established fact that tritium often exchanges iostopically with

natural hydrogen and in columns with large surface areas can be retarded rela-

tive to ground water. Non-sorbing anions such as Cl- are subject to anion

exclusion from negatively charged surfaces and may break through in less than

one static pore volume. Anions may also be retarded relative to ground water

if there are enough positively charged surfaces (anion exchange capacity) pre-

sent. Methods used to determine a dynamic pore volume should be stated ex-

plicitly when reporting data from dynamic retardation experiments.

From a safety assessment viewpoint, conservative retardation factors are

those values that yield a lower limit for the arrival of a radionuclide (e.g.

a maximum transport velocity). For this reason the static porosity should be

used for pore volume calculation. This, however, yields a retardation factor

for tritium of less than one in the two figures shown. Safety-assessment

modelers and researchers must jointly decide whether to measure retardation

factors using the static pore volume (which will result in conservative

values) or a dynamic pore volume. Reported column data should include both

parameters so that future interpretation can be made on either basis.

Assuming that the concept of pore volume is resolved, a retardation

factor is calculated from,

RF = Vw/Vn

-" (C4)

where Vw = velocity of the ground water and Vn = velocity of the radionuclide.

The relationship between a retardation factor and the breakthrough point for a

radionuclide is:

RF = BTPVo`0 (C5a)

or

RF = BT'P (C5b)
PVOL

To obtain a conservative number for RF, the lesser number for 8T:50 or BT:P

should be used.
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To calculate a Kd value from a retardation factor, or vice versa, the

following relationship is used:

RF = 1 + 6P0) Kd
(C6)-

(assuming the static porosity PR-S is appropriate).

If the radionuclide used in a retardation experiment is highly adsorbed,

years may be required to elute the tracer spike. However, if the radionuclide

distribution can be determined within the column or core, a retardation factor

can be calculated.

For a tracer spike injection, a peak distribution should be obtained

within the column. The ceter of mass of the peak is the average distance X

07W traveled by the peak.

The distance traveled by the water in the same time is given by

(QT)(L)/(PVOLS). The retardation factor is the ratio of the distance traveled

^ by ground water to the average radionuclide migration distance in time T:

RF = QT) (LX P LS '

!3e

(C7)
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